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Murine hepatocyte nuclear factor-3b (HNF-3b) protein is a member of a large family of developmentally regulated transcrip-
tion factors that share homology in the winged helix/fork head DNA binding domain and that participate in embryonic
pattern formation. HNF-3b also mediates cell-speci®c transcription of genes important for the function of hepatocytes,
intestinal and bronchiolar epithelial, and pancreatic acinar cells. We have previously identi®ed a liver-enriched transcription
factor, HNF-6, which is required for HNF-3b promoter activity and also recognizes the regulatory region of numerous
hepatocyte-speci®c genes. In this study we used the yeast one-hybrid system to isolate the HNF-6 cDNA, which encodes
a cut-homeodomain-containing transcription factor that binds with the same speci®city as the liver HNF-6 protein. Cotrans-
fection assays demonstrate that HNF-6 activates expression of a reporter gene driven by the HNF-6 binding site from either
the HNF-3b or transthyretin (TTR) promoter regions. We used interspeci®c backcross analysis to determine that murine
Hnf6 gene is located in the middle of mouse chromosome 9. In situ hybridization studies of staged speci®c embryos
demonstrate that HNF-6 and its potential target gene, HNF-3b, are coexpressed in the pancreatic and hepatic diverticulum.
More detailed analysis of HNF-6 and HNF-3b's developmental expression patterns provides evidence of colocalization in
hepatocytes, intestinal epithelial, and in the pancreatic ductal epithelial and exocrine acinar cells. The expression patterns
of these two transcription factors do not overlap in other endoderm-derived tissues or the neurotube. We also found that
HNF-6 is also abundantly expressed in the dorsal root ganglia, the marginal layer, and the midbrain. At day 18 of gestation
and in the adult pancreas, HNF-6 and HNF-3b transcripts colocalize in the exocrine acinar cells, but their expression
patterns diverge in other pancreatic epithelium. HNF-6, but not HNF-3b, expression continues in the pancreatic ductal
epithelium, whereas only HNF-3b becomes restricted to the endocrine cells of the islets of Langerhans. We discuss these
expression patterns with respect to speci®cation of hepatocytes and differentiation of the endocrine and exocrine pancreas.
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bound by families of cell-restricted transcription factorsINTRODUCTION
(Zaret, 1996). The requirement for combinatorial protein
interactions among these transcription factors plays an im-Cell-speci®c gene transcription involves the combinato-
portant role in maintaining cell-speci®c promoter activityrial interaction of multiple cis-acting DNA sequences
which governs the expression of distinct genes necessary
for organ function. One of these regulatory families is com-1,2 The ®rst two authors contributed equally to this work.
posed of the rodent hepatocyte nuclear factor (HNF)-3a,3 To whom correspondence should be addressed at Department
-3b, and -3g proteins (Lai et al., 1991), which were ®rstof Biochemistry and Molecular Biology (M/C 536), University of
identi®ed in the hepatocyte-speci®c regulation of the trans-Illinois at Chicago, College of Medicine, 1819 W. Polk St., Chicago,
IL 60612-7334. Fax: (312) 413-0364. E-mail: RobCosta@uic.edu. thyretin (TTR; a serum carrier protein for thyroxine and
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retinal) and a1-antitrypsin gene expression (Costa et al., sesses a cut and homeodomain DNA binding motif that
binds to and activates promoter expression of its potential1989). Subsequent studies from a number of different labora-
tories showed that HNF-3 collaborated with other liver- target gene, HNF-3b. Embryonic expression studies demon-
strate that HNF-3b and HNF-6 are coexpressed in the pan-enriched transcription factors to coordinately regulate hepa-
tocyte-speci®c gene transcription (Cereghini, 1996; Costa, creatic and hepatic diverticulum and continue to colocalize
in the epithelium of these organs throughout development.1994). In vivo footprinting studies of the 010-kb albumin
enhancer region suggested that the HNF-3 proteins also Although HNF-6 and HNF-3b continue to be coexpressed
in acinar cells of the exocrine pancreas, their expressionplayed an important role in altering the nucleosome organi-
zation of the albumin enhancer in hepatocytes (McPherson patterns diverge in the endocrine cells of the adult pancreas.
We discuss the expression patterns of HNF-6 and HNF-3bet al., 1993).
The rodent HNF-3 (Lai et al., 1991) and Drosophila home- with respect to morphogenesis and cytodifferentiation of
the liver and pancreas.otic fork head proteins (Weigel and Jackle, 1990) were the
®rst identi®ed members of an extensive transcription factor
family which shares homology in the winged helix DNA
binding domain (Clark et al., 1993). The winged helix DNA MATERIAL AND METHODS
binding domain consists of a 100-amino-acid region which
conforms to a modi®ed helix±turn±helix motif that directs
Cloning of the HNF-6 DNA binding domain via yeast one-hy-monomeric recognition of DNA (Clark et al., 1993). To date,
brid system. The yeast one-hybrid system employs a cDNA ex-the winged helix family consists of over 50 members which
pression library that expresses a fusion protein between the encod-are involved in differentiation of a variety of distinct cellu-
ing cDNA and the GAL-4 transcriptional activation domain, andlar lineages and in embryonic pattern formation (Kaufmann
uses the His3 selectable marker gene driven by the transcription
and Knochel, 1996). factor binding site of interest. Expression of the His3 gene by the
Rodent HNF-3b protein is not only important for hepato- DNA binding domain±Gal4 fusion protein allows this yeast auxo-
cyte-speci®c gene expression, but also participates in epi- troph to grow on histidine-de®cient media. To construct the HNF-
thelial-speci®c gene regulation in endoderm derived organs 6 driven HIS3 gene, seven copies of the HNF-6 binding site from
the 0141 to 0127 HNF-3b promoter region (Samadani and Costa,and in embryonic pattern formation. Embryonic expression
1996) were subcloned into the phisi-1 vector (Clontech) containingstudies demonstrated that HNF-3b is expressed during the
the HIS3 gene and a minimal yeast promoter region. This HNF-6-primitive streak stage of embryogenesis in the node, meso-
dependent phisi-1 construct was stably transformed into the yeastdermal notochord, ¯oorplate of the neurotube, and the fore-
cell line YM4271 that lacks HIS3 and Leu2 genes (Clontech). Wegut and hindgut endoderm (Ang et al., 1993; Monaghan et
eliminated background growth of this yeast strain with 100 mMal., 1993; Sasaki and Hogan, 1993). Mice containing a homo-
of 3-aminotriazole (3-AT), a competitive inhibitor of the His3 en-
zygous null HNF-3b gene mutation die in utero and exhibit zyme. The pACT2 yeast cDNA expression plasmid produces a fu-
defects in the formation of node, notochord, neurotube, so- sion protein between the GAL-4 transcriptional activation domain
mites, and gut endoderm (Ang and Rossant, 1994; Weinstein and the encoding cDNA inserts and possesses the Leu2 gene as a
et al., 1994). HNF-3b participates in cell-speci®c transcrip- yeast selectable marker gene. A randomly and oligo(dT)-primed
human liver cDNA library cloned in pACT2 plasmid (Clontech)tion of genes critical for function of intestinal and bronchio-
was used to transform the YM4271 yeast cell line containing 71lar epithelial cells (Bohinski et al., 1994; Ikeda et al., 1996;
HNF-6 driving His3 gene. Approximately 2.5 1 106 library clonesPeterson et al., 1997; Sawaya et al., 1993; Ye et al., 1997;
were screened on 30 150-mm plates lacking histidine and leucineZhou et al., 1996). Furthermore, HNF-3b regulates the tran-
and containing 100 mM 3-AT.scription of the a-amylase gene in the pancreatic acinar
The HNF-6 yeast one-hybrid screening produced seven yeast col-cells (Cockell et al., 1995). More recent studies have also
onies which reproducibly grew on selective medium (Nos. 1, 2,
demonstrated abundant HNF-3b protein expression in the and 4±8). DNA from these positives was isolated, subcloned, and
islets of Langerhans b cells, where HNF-3b regulates the subjected to dideoxy DNA sequencing. Four of the putative HNF-
transcription of the pdx-1 gene (Wu et al., 1997), a homeo- 6 positives had homologies to genes that were unlikely to be in-
box transcription factor that is necessary for the formation volved in transcription. Three of the positives (Nos. 2, 6, and 8)
did not have any signi®cant homologies to genes in GenBank andof the pancreas (Ahlgren et al., 1996; Of®eld et al., 1996).
contained cDNA inserts of approximately 3 kb (No. 2), 1 kb (No.In a previous study we identi®ed a liver-enriched tran-
6), and 2 kb (No. 8). In order to analyze DNA binding speci®cityscription factor HNF-6, which was shown to be required
of these HNF-6 positives, glutathione-S-transferase (GST) fusionfor HNF-3b and TTR promoter activity and also identi®ed
proteins were created with the encoding cDNA and used for electro-numerous potential hepatocyte-speci®c target genes (Sama-
phoretic mobility shift assay (EMSA) with HNF-6 binding sites. Thedani and Costa, 1996). In this study we use the yeast one-
cDNA inserts were digested from the pACT2 vector with EcoRI
hybrid system to isolate the human HNF-6 clone from a and XhoI and cloned in frame into pGEX 4T-2 (Pharmacia) GST
liver cDNA library and use this as a probe to isolate a full- expression plasmid. EMSA was performed with 60 ng of af®nity-
length mouse HNF-6 cDNA. Simultaneous with our clon- puri®ed GST fusion protein and 1 ng of radioactively labeled dou-
ing of this human cDNA, the rat HNF-6 clone was identi®ed ble-stranded oligonucleotide (DNA International) as described pre-
viously (Overdier et al., 1994). Oligonucleotides used in EMSA in-by Lemaigre et al. (1996). The encoded HNF-6 protein pos-
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clude the following: the HNF-6 site from the0146 to0122 HNF-3b linearized rat HNF-3b cDNA pGEM1 plasmid (HindIII±BamH1
subclone; nucleotides 1±1601) template using T7 RNA polymerase,promoter region and its corresponding four-nucleotide substitution
mutant which no longer binds to the liver HNF-6 protein (Samadani HindIII-linearized mouse TTR cDNA pGEM2 plasmid (PstI±EcoRI
subclone; nucleotides 77±351) using SP6 RNA polymerase, andand Costa, 1996). Other binding sites used are the HNF-3 and HNF-
6 site from the TTR promoter (0111 to 088; Samadani and Costa, NheI-linearized rat insulin cDNA pGEM1 plasmid (HindIII sub-
clone; nucleotides 1±380; gift from G. Bell, University of Chicago)1996), the HNF-3/fork head homolog 1 No. 3 (HFH-1 No. 3) and
HNF-3 No. 4 sites which bind only HNF-3 (Overdier et al., 1994; using T7 RNA polymerase. Sense HNF-6 probe was made from
XbaI-linearized mouse HNF-6 cDNA pGEM1 plasmid (EcoRI±XbaSamadani and Costa, 1996) and several other previously described
subclone; nucleotides 699±964) using T7 RNA polymerase. Whole-HNF-6 binding sites derived from liver promoters (Samadani and
mount in situ hybridization of 9.5-day postcoitus (pc) mouse em-Costa, 1996).
bryos was performed with antisense digoxigenin-labeled HNF-6Cloning of the full-length mouse HNF-6 cDNA. In order to
RNA probe using digoxigenin-11±UTP, the template describedisolate a full-length mouse cDNA, the most 5* region of the partial
above, SP6 RNA polymerase, and procedures are described in Hem-human HNF-6 cDNA was used as a hybridization probe to screen
mati-Brivanlou et al. (1990). Northern blots containing humanan oligo(dT) and randomly primed mouse liver cDNA library propa-
RNA prepared from various tissues were purchased from Clontechgated in lgt-11 phage (Clontech). These HNF-6 positives were in-
and hybridized with HNF-6, HNF-3b, or GAPDH cDNAs as de-serted into the EcoRI site of pGEM1 and subsequent DNA sequenc-
scribed by the manufacturer.ing revealed that 4 of 11 positives were full-length when compared
Interspeci®c backcross mapping. Interspeci®c backcross prog-to the rat HNF-6 cDNA (Lemaigre et al., 1996). One of the four
eny were generated by mating (C57BL/6J 1 Mus spretus)F1 femalespositives containing the entire coding region of the HNF-6 cDNA
and C57BL/6J males as described (Copeland and Jenkins, 1991). A(1.7 kb) was then inserted into the EcoRI site of a CMV promoter-
total of 205 backcross mice were used to map the Hnf6 and Mf3 locidriven expression vector for use in cotransfection assays (Pani et
(see text for details). DNA isolation, restriction enzyme digestion,al., 1992b). Both the human and mouse HNF-6 cDNA clones were
agarose gel electrophoresis, Southern blot transfer, and hybridiza-submitted to GenBank and are listed under Accession Nos. U77975
tion were performed essentially as described (Jenkins et al., 1982).and U95945, respectively.
All blots were prepared with Hybond N/ nylon membrane (Amer-Cell culture and cotransfections. Human hepatoma HepG2
sham). The HNF-6 probe, a 1.7-kb EcoRI fragment of mouse cDNA,cells were maintained in monolayer cultures and grown in Ham's
was labeled with [a-32P]dCTP using a random prime labeling kitF12 medium supplemented with 7% fetal calf serum, 100 units/
(Amersham); washing was carried out to a ®nal stringency of 0.51ml penicillin/streptomycin, 0.51MEM amino acids, and 0.5 units/
SSCP, 0.1% SDS, 657C. A 4.2-kb fragment was detected in BamHI-ml human recombinant insulin. In order to determine the HNF-6
digested C57BL/6J DNA and a 3.8-kb fragment was detected in M.transcriptional activity, cotransfection assays were performed in
spretus DNA. The presence or absence of the 3.8-kb M. spretus-human HepG2 cells using reporter plasmids containing either six
speci®c BamHI fragment was followed in backcross mice. The Mf3copies of the HNF-6 binding site (0141 to 0127 HNF-3b promoter)
probe, a 0.6-kb XbaI±EcoRV fragment of mouse cDNA, was labeledupstream of a TATA box-driven luciferase gene (pGL2-basic vector,
with [a-32P]dCTP using a nick translation labeling kit (Amersham);Promega) or four copies of an HNF-3/HNF-6 binding site (0111 to
washing was carried out to a ®nal stringency of 1.01 SSCP, 0.1%088 TTR promoter) driving a TATA box-driven CAT gene (Pani et
SDS, 657C. A 4.8-kb fragment was detected in SacI-digested C57BL/al., 1992a; Samadani and Costa, 1996). Expression plasmids used
6J DNA and a 1.2-kb fragment was detected in M. spretus DNA.the CMV promoter to express either the HNF-6 or HNF-3b cDNA
The presence or absence of the 1.2-kb M. spretus-speci®c BamHIsequences (Pani et al., 1992a). A CMV promoter-driven b-galactosi-
fragment was followed in backcross mice.dase control plasmid was used to normalize for differences in trans-
A description of the probes and RFLPs for the loci linked to Hnf6fection ef®ciency (Pani et al., 1992a). Cells were transfected using
including c-src tyrosine kinase (Csk), retinoic acid receptor-relatedLipofectin reagent (Gibco-BRL) according to manufacturer's proto-
orphan receptor a (Rora), myosin Va (Myo5a), and glutathione-S-col (35 mm plates, 400 ng CMV±HNF-6 expression vector, 1600
transferase Ya subunit (Gsta) have been reported previously (Gi-ng of luciferase or CAT reporter, 100 ng CMV±b-galactosidase con-
gueÁre et al., 1995; Kingsley et al., 1989; Pecker et al., 1996). Recom-struct, and 10 ml lipofectin) as described previously (Lim et al.,
bination distances were calculated as described by Green (1981)1997; Qian et al., 1995; Ye et al., 1997). Cellular protein extracts
using the computer program MapManager. Gene order was deter-were prepared from transfected cells 48 h after transfection and
mined by minimizing the number of double and multiple recombi-analyzed for luciferase enzyme activity using a commercially avail-
nation events across the chromosome.able luciferase assay system (Promega). b-Galactosidase and CAT
enzyme activity was determined as described previously (Qian et
al., 1995).
In situ hybridization of stage-speci®c embryos and adult pan- RESULTS
creas and Northern blots. In situ hybridization of paraf®n-
embedded mouse embryos or adult pancreas were performed with Isolation of human HNF-6 cDNA using the yeast one-
33P-labeled antisense RNA probes hybridized to sectioned dewaxed hybrid system. The HNF-6 transcription factor was
tissue, and rinsed at high stringency followed by autoradiography
shown to regulate TTR and HNF-3b promoter expressionusing procedures described in Duncan et al. (1994). A dark-®eld
and HNF-6 binding sites were found in numerous othercondenser was used to enhance the visualization of the silver grains
hepatocyte-speci®c promoter regions (Samadani and Costa,due to speci®c HNF-6 hybridization. Antisense 33P-labeled RNA
1996). Because of the importance of HNF-6 to hepatocyte-probes were synthesized from the following templates: EcoRI-lin-
speci®c gene regulation, we used the yeast one-hybridearized mouse HNF-6 cDNA pGEM1 plasmid (EcoRI±Xba sub-
clone; nucleotides 699±964) using SP-6 RNA polymerase, HindIII- screening method (Li and Herskowitz, 1993; Wang and
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FIG. 1. Yeast one-hybrid screening positive No. 2 exhibits DNA binding properties identical to the liver HNF-6 protein. (A) EMSA assay
with GST fusion proteins generated with putative HNF-6 cDNAs. GST fusion proteins were generated with the putative HNF-6 cDNAs
isolated by yeast one-hybrid screening (Nos. 2, 6, and 8) and af®nity-puri®ed GST fusion protein was used for EMSA with HNF-6 binding
site from the 0141 to 0127 HNF-3b promoter region (Samadani and Costa, 1996). A 200-fold molar excess of itself (/), HNF-3/HNF-6
site from the 0111 to 088 TTR promoter (T) and a mutant HNF-6 binding site (M) from the 0141 to 0127 HNF-3b containing a four-
nucleotide substitution which abolishes HNF-6 protein recognition (Samadani and Costa, 1996). (B) Recombinant HNF-6 protein recognizes
the HNF-3/HNF-6 site in the TTR promoter region. EMSA with recombinant HNF-6 protein and the HNF-3/HNF-6 site from the TTR
promoter region. Competitors are homologous oligonucleotide (SELF), an HNF-6 site from the HNF-3b promoter (HNF-3b) and an HNF-
3 binding site (HNF-3 No. 4). (C) Recombinant HNF-6 protein exhibits binding properties similar to the liver-derived HNF-6 protein.
Several HNF-6 sites were used to compete for complex formation in EMSA with recombinant HNF-6 protein and the HNF-6 site from
the HNF-3b promoter. The top portion of the gel depicting the HNF-6 protein±DNA complex is shown. The HNF-6 binding sites include
those from the rodent TTR (094 to 0106), tryptophan oxygenase (TOG; 0220 to 0208), a-2 urinary globulin (a2UG; 0196 to 0183), major
urinary protein (MUP,0120 to0132), a-1 antitrypsin (a1AT;0195 to0184), a-fetoprotein (AFP;06091 to06103), CYP2C13 (a cytochrome
P450 enzyme; 053 to 041) and L-type 6-phosphofructo-2-kinase (PFK-2; 0200 to 0212) promoters (Samadani and Costa, 1996). Also
included is the HNF-3 No. 4 binding site and the mutant HNF-6 binding site from the HNF-3b promoter (m HNF-3b) described in A and
B (Overdier et al., 1994; Samadani and Costa, 1996).
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FIG. 2. Cotransfection assays demonstrate that HNF-6 can potentiate reporter gene expression. (A) Comparison of the mouse and rat
HNF-6 protein sequence. Comparison of deduced amino acid sequence of the mouse HNF-6a protein sequence (cDNA sequence is deposited
in GenBank, under Accession No. U95945) with the rat HNF-6a protein (Lemaigre et al., 1996). The location of the cut and homeodomain
DNA binding motif (bold type) is shown, and the HNF-6a amino acid residues that are either identical (indicated by ∗) or differ (indicated
by -) between these two species. (B) Collaboration of HNF-6 and HNF-3b transcriptional activation requires an HNF-3/HNF-6 binding
site. Human hepatoma HepG2 cells were cotransfected with CMV rat HNF-3b cDNA or CMV mouse HNF-6 cDNA expression vectors
and reporter gene constructs driven by either six copies of an HNF-6 binding site (0141 to 0127 HNF-3b promoter) or four copies of an
HNF-3 and HNF-6 binding site (0111 to 088 TTR promoter) as described under Materials and Methods. A CMV b-galactosidase internal
control plasmid was included to normalize these transfections. Protein extracts were isolated from transfected cells and assayed for
luciferase, CAT, or b-galactosidase enzyme levels as described previously (Qian and Costa, 1995; Qian et al., 1995). Normalized transfection
data are presented as fold transcriptional induction over the empty CMV expression vector. Open boxes represent the standard deviation
from three distinct transfections.
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from the HNF-3b promoter (Samadani and Costa, 1996).
Additional data suggesting that screening positive No. 2
encodes HNF-6 binding activity was obtained using the
HNF-3/HNF-6 site from the TTR promoter. EMSA with
this labeled binding site and recombinant HNF-6 protein
resulted in a complex that was competed by itself and the
HNF-6 site of the HNF-3b promoter, but not by an HNF-3
binding site (Fig. 1B). We next used this recombinant HNF-6
protein to examine DNA binding speci®city by performing
competition EMSA studies between the 0146 to 0122
HNF-3b promoter site and previously identi®ed HNF-6
binding sites found in hepatocyte-speci®c promoters (Sama-
dani and Costa, 1996). As expected, a 50-fold molar excess of
FIG. 3. Northern blots demonstrate that HNF-6 and HNF-3b are the high-af®nity HNF-6 binding sites effectively inhibited
abundantly expressed in adult human liver and pancreas. A North- HNF-6 protein±DNA complex formation (Fig. 1C, lanes 8±
ern blot containing 2 mg of poly(A)/ RNA isolated from the indi-
13), whereas lower-af®nity HNF-6 binding sites required acated human tissues were hybridized with HNF-6, HNF-3b, or
150-fold molar excess to inhibit complex formation (Fig. 1B,GAPDH cDNA probes as described by manufacturer (Clontech).
lanes 4±7 and 14±19). Formation of the HNF-6 protein±The HNF-6 mRNA is approximately 9 kb in length as determine
DNA complex was not inhibited when an HNF-3 or a mu-by comparison with the migration of molecular weight markers.
tant HNF-6 binding site was used as a cold competitor (Fig.
1C, lanes 20±23). Taken together, these data suggest that
screening positive No. 2 encoded the DNA binding activity
of HNF-6.Reed, 1993) to isolate the human HNF-6 cDNA. Screening
HNF-6 is a cut-homeodomain-containing transcriptionalfor the HNF-6 cDNA produced seven reproducible yeast
activator. Sequence of the human HNF-6 cDNA revealedcolonies which grew on selective histidine and leucine-de-
that it contained a cut-homeodomain DNA binding motif®cient media containing 100 mM of 3-aminotriazole, a com-
(Fig. 2A). At the time we obtained the human HNF-6 cDNApetitive inhibitor of the HIS3 enzyme (see Materials and
sequence, GenBank searches demonstrated high homologyMethods for details of the screening). Following DNA se-
to the rat HNF-6a cDNA that was independently isolatedquencing of the cDNA ends, four of these putative HNF-6
by Lemaigre et al. (1996). Comparison of the human and ratpositives were eliminated on the basis of homologies with
cDNA sequence suggested that the human HNF-6 cDNAgenes that were unlikely to be transcription factors. The
which we isolated by the yeast one-hybrid method wasterminal DNA sequence of three putative HNF-6 cDNA
not the entire cDNA sequence (GenBank Accession No.positives (Nos. 2, 6, and 8) did not possess signi®cant homol-
U77975). We therefore screened a mouse liver cDNA libraryogy with any entry in GenBank data base.
with the partial human HNF-6 cDNA and isolated a full-In order to verify that these three putative HNF-6 cDNA
length mouse HNF-6 cDNA (see Materials and Methods).positives would recognize the HNF-6 binding site, we cre-
Comparison of the deduced mouse and rat HNF-6 aminoated GST fusion proteins with the encoding cDNAs and
acid sequences suggests that the HNF-6 protein sequenceused them for EMSA with the 0146 to 0122 HNF-3b pro-
is highly conserved in these two species and possesses onlymoter site (Fig. 1A). Only the GST fusion protein with HNF-
three amino acid differences (Fig. 2A).6 screening positive No. 2 formed a protein±DNA complex
Having obtained the full-length mouse HNF-6a cDNAthat was speci®cally competed by cold DNA probe (lane
sequence, we determined whether HNF-6 protein could/) and the TTR HNF-3/HNF-6 site (lane T), but not by a
previously characterized mutant of the HNF-6 site (lane M) activate transcription in cotransfection assays with HNF-
FIG. 4. HNF-6 is expressed in the pancreatic and hepatic diverticulum of 9.5 day pc mouse embryos. (A and B) HNF-6 is abundantly
expressed in the hepatic diverticulum, foregut, and in neural crest cells of the midbrain and central nervous system. Whole-mount in situ
hybridization with 9.5-day pc mouse embryo using either antisense (A) or sense (B) HNF-6 digoxigenin-labeled RNA probe (Materials and
Methods). In situ hybridization of transverse sections of paraf®n-embedded 10 day pc mouse embryo with 33P-labeled antisense HNF-6
RNA probe. After hybridization, stringent washes, and autoradiography, dark-®eld microscopy (D, F, and H) was used to visualize HNF-
6-expressing cells in the tissues. (C and D) HNF-6 expression in the hepatic diverticulum of 10-day pc mouse embryo. (E and F) High
magni®cation depicting HNF-6 expression in hepatic diverticulum. (G and H) Transverse section of 10-day pc mouse embryo showing
HNF-6 expression in the pancreatic diverticulum budding from the foregut and detectable expression in the midgut. Abbreviations used:
cardinal vein, CV; foregut, Fg; heart, H; hepatic diverticulum, HD; midbrain, MB; midgut, Mg; neural crest, nc; neural tube, NT; and
tracheal diverticulum, TD.
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6 binding site-driven reporter gene constructs (see Materi- HNF-6 expression initiates during formation of the he-
patic and pancreatic diverticulum. To examine whetherals and Methods). A CMV mouse HNF-6 cDNA expres-
sion vector was transfected into human HepG2 cells with HNF-6 expression coincides with that of its potential target
gene, HNF-3b, during the formation of hepatic diverticuluma TATA box-driven luciferase reporter construct con-
taining six copies of the HNF-6 binding site from the (Ang et al., 1993; Monaghan et al., 1993; Sasaki and Hogan,
1993), we performed whole-mount in situ hybridization ofHNF-3b promoter. We found that cotransfection with the
mouse HNF-6 expression vector caused an eightfold in- 7- to 9.5-day pc mouse embryos with antisense digoxigenin-
labeled HNF-6 RNA probe. We found that HNF-6 expres-crease in reporter gene expression (Fig. 2B). The activation
of the HNF-6 reporter was not elicited when a rat HNF- sion initiates by 9±9.5 days pc in the foregut endoderm and
in the hepatic diverticulum (Fig. 4A), which is induced by3b cDNA expression vector was used in lieu of HNF-6,
and activation was not observed with a reporter construct cardiac mesenchyme from the ventral foregut endoderm
(Gualdi et al., 1996; Zaret, 1996). This expression patterncontaining a mutant HNF-6 binding site (Fig. 2B). Further-
more, we observed no additional stimulation when HNF- suggests that HNF-6 plays a role in liver speci®cation and
that it participates in regulating expression of HNF-3b in3b was combined with HNF-6 in cotransfections with the
HNF-6 reporter construct (Fig. 2B). the liver bud. HNF-6 transcripts were also observed in the
midbrain, central nervous system, and tail region associatedWe next employed a CAT reporter containing four copies
of the HNF-3/HNF-6 site from the TTR promoter to deter- with expression in the neural crest cells (Fig. 4A, see below).
Transient HNF-6 expression is also observed in the devel-mine whether HNF-3b and HNF-6 could collaborate on this
dual binding site to activate transcription (Samadani and oping heart between 9.5 and 11 days of gestation (Fig. 4A
and data not shown). No HNF-6 hybridization signals wereCosta, 1996). Cotransfection of this reporter with either an
HNF-3b or an HNF-6a expression vector activated reporter observed in earlier staged mouse embryos (data not shown)
or when the digoxigenin-labeled sense HNF-6 RNA probegene expression by 4- and 10-fold, respectively (Fig. 2B).
When both HNF-3b and HNF-6 cDNA expression vectors was used (Fig. 4B).
In order to further localize the HNF-6 expression pattern,were simultaneously cotransfected, the activation through
the HNF-3/HNF-6 binding site was additive. These data we used 33P-labeled antisense HNF-6 RNA probes for in situ
hybridization of transverse sections of paraf®n-embeddedsuggest that like HNF-3b, HNF-6 is a transcriptional activa-
tor and that these two transcription factors are able to func- 10 day pc mouse embryos. Following exposure of a silver
emulsion, the HNF-6 hybridization signals were visualizedtion through nearly overlapping binding sites (Samadani and
Costa, 1996). by dark-®eld microscopy. Continued expression of HNF-6
was detected in both the hepatic diverticulum (Figs. 4C±Northern blot analysis demonstrates that HNF-6 expres-
sion is restricted to the adult liver and pancreas. In our 4F) and the foregut endoderm region involved in pancreatic
bud formation (Figs. 4G and 4H). This expression pattern isprevious study, we showed that HNF-6 DNA binding activ-
ity was enriched in liver nuclear extracts relative to other consistent with HNF-6's role in mediating transcription of
the HNF-3b gene during morphogenesis of the liver andorgans. To further examine the HNF-6 adult expression pat-
tern, we performed Northern blot analysis with labeled hu- pancreas (Ang et al., 1993; Monaghan et al., 1993; Sasaki
and Hogan, 1993). Detectable HNF-6 hybridization signalsman HNF-6 cDNA. The Northern blot demonstrated that
HNF-6 was expressed in both human liver and pancreas and were found in the neural crest cells adjacent to the neural
tube and in epithelium of the midgut (Figs. 4G and 4H).that its mRNA was 9 kb in length (Fig. 3). In the liver
and pancreas, the HNF-6 expression pattern and levels are HNF-6 and its potential target gene HNF-3b are coex-
pressed in the epithelium of the developing intestine, pan-consistent with those of its potential target gene, HNF-3b
(Fig. 3). HNF-6 is not expressed in adult intestine and colon, creas, and liver. Because murine HNF-6 is involved in
regulating the transcription of the HNF-3b gene, we wantedhowever, whereas HNF-3b expression has been previously
shown to be expressed in these adult organs (Kaestner et to examine whether these two genes continue to exhibit
overlapping expression patterns in embryonic development.al., 1994) and speci®cally in the crypts of LieberkuÈ hn of the
adult intestine (Ye et al., 1997). We therefore performed in situ hybridization of sagittal sec-
FIG. 5. HNF-6 and HNF-3b are coexpressed in epithelium of pancreas, liver, and intestine of 12- or 13-day pc mouse embryos. In situ
hybridization of sagittal sections of 12-day pc (A±D) or transverse sections of 13-day pc (E±H) paraf®n-embedded mouse embryos with
33P-labeled antisense HNF-6 (A±B and E±F) and HNF-3b (C±D and G±H) RNA probe. Dark-®eld micrographs are shown in the right
panels. (A±H) HNF-6 and HNF-3b are coexpressed in the epithelium of pancreas, intestine, and liver of 12- and 13-day pc mouse embryos.
HNF-6 (A±B and E±F) is also expressed in the midbrain, marginal layer, and dorsal root ganglia but not in the epithelium of the stomach,
lung, esophagus, tongue, and in the ¯oorplate which possess abundant HNF-3b (C±D and G±H) expression. Abbreviations used: dorsal
root ganglia, DRG; ¯oorplate, Fp; fourth ventricle, FV; esophagus, Es; heart, H; intestine, I; lateral ventricle, LV; liver, L; lung, Lu; marginal
layer, ML; midbrain, MB; notochord, N; pancreas, P; stomach, S; tongue, T; and vertebrae, V. Note that the HNF-3b in situ hybridization
probe is six times larger in length than the HNF-6 probe.
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tions of 12 day pc (Figs. 5A±5D) or transverse sections of In 18-day pc mouse embryos, HNF-6 (Figs. 7A±B) and
HNF-3b (Figs. 7C±D) are abundantly expressed in the hepa-13 day pc (Figs. 5E±5H) paraf®n-embedded mouse embryos
with 33P-labeled antisense HNF-6 (A±B and E±F) and HNF- tocytes of the developing liver, in the common bile duct
epithelium, and in the acinar cells of the exocrine pancreas.3b (C±D and G±H) RNA probes. These expression studies
show that HNF-6 and HNF-3b transcripts are colocalized Although HNF-6 expression is not reactivated in the intesti-
nal epithelium, HNF-3b transcripts are found in the epithe-in the epithelial cells of the developing liver, pancreas, and
intestine. HNF-6 is also abundantly expressed in the dorsal lium of the proximal intestine but not the duodenum (Figs.
7A±7D). Higher magni®cation of the developing pancreasroot ganglia, the marginal layer, and the midbrain (Figs. 5A±
B and 5E±F). However, HNF-6 does not exhibit the same shows that HNF-6 (Figs. 7E±F) and HNF-3b (Figs. 7G±H)
expression patterns diverge in the endocrine pancreas. HNF-expression pattern as that of HNF-3b in the midbrain, and
HNF-6 is not expressed in either the ¯oorplate or the epithe- 6 expression is restricted to the ductal epithelium of the
pancreas (Figs. 7E±F), whereas HNF-3b transcripts are ab-lium of the tongue, esophagus, stomach, trachea, and lung
(Figs. 5C±D and 5G±H). Although these tissues lack HNF- sent there (Figs. 7G±H). In contrast, HNF-3b expression is
now restricted to the pancreatic endocrine cells, which are6 hybridization signals, HNF-6 is transiently expressed in
the stomach epithelium of 11-day pc embryos (data not epithelial cells juxtaposed to the pancreatic ducts (Figs. 7G±
H and see below). We localize the endocrine cells in theshown), but its expression is no longer detected there by
day 13 (Figs. 5E±F). These data demonstrate that HNF-6 developing pancreas by using the b-cell-speci®c insulin
probe for in situ hybridization (Figs. 7I±J; Dumonteil andand HNF-3b expression patterns overlap in embryonic hepa-
tocytes and in epithelial cells of the developing intestine Philippe, 1996; Slack, 1995). Thus, by day 18 of gestation
HNF-6 and HNF-3b exhibit divergent expression patternsand pancreas.
HNF-6 and HNF-3b expression is transiently extin- in the endocrine and ductal pancreatic epithelium, but their
transcripts continue to colocalize in the exocrine acinarguished in liver. In 14-day pc embryos, HNF-6 expression
is extinguished in the developing liver and intestine (Figs. cells.
In adult pancreas HNF-6 and HNF-3b are coexpressed6A±6D). This reduction is paralleled by the HNF-6 poten-
tial target gene HNF-3b (Figs. 6E±6H). HNF-3b expression in exocrine acinar cells but only HNF-3b is expressed in
islets of Langerhans. We next examined HNF-6 (Figs. 8A±continues in other tissues, however, including stomach
epithelium and its transcription is activated in the chon- B) and HNF-3b (Figs. 8C±D) expression patterns in the
adult murine pancreas when the exocrine and endocrinedrogenic regions of the ribs and vertebrae as described pre-
viously (Monaghan et al., 1993). Higher magni®cation of cells are organized into morphologically distinct struc-
tures. We used the insulin (Figs. 8E±F) and TTR (Figs. 8G±the embryonic pancreas shows that HNF-6 and HNF-3b
exhibit overlapping expression patterns in the ductal epi- H) probes as markers for the islets of Langerhans b and a
cells, respectively, of the endocrine pancreas (Dumonteilthelial and acinar cells (compare Figs. 6C±D and 6G±H)
and both are expressed more broadly than insulin, which and Philippe, 1996; Jacobsson et al., 1989; Slack, 1995).
The insulin-secreting b cells represent the most abundantis restricted to the endocrine cells (data not shown). HNF-
6 expression also continues in ganglia derived from neural endocrine cell-type in the islets of Langerhans (Figs. 8E±
F), whereas the glucagon and TTR-secreting a cells arecrest cells (Figs. 6A±B). By 16 days of gestation HNF-6
expression is stimulated in the hepatocytes of the liver fewer in number (Figs. 8G±H). HNF-6 and HNF-3b tran-
scripts continue to be colocalized in the exocrine acinar(Figs. 6I±J), which coincides with the reactivation of its
potential target gene HNF-3b (Monaghan et al., 1993). Both cells of the adult pancreas (Figs. 8A±8D). Only HNF-3b is
expressed in the endocrine islets of Langerhans, whereasHNF-6 and HNF-3b continue to be abundantly expressed
in the epithelium of the developing pancreas (Figs. 6I±J and HNF-6 expression continues in the epithelium of the pan-
creatic ducts (Figs. 8A±8D). Thus HNF-6 and HNF-3b aredata not shown). In contrast to the liver, HNF-6 expression
remains inactive in the developing intestinal epithelium coexpressed in the exocrine acinar cells of the adult pan-
creas but not in the endocrine cells of the islet of Langer-(Figs. 6I±J) and its mRNA is not detected in the adult intes-
tine (Fig. 3). hans or the ductal epithelial cells.
FIG. 6. HNF-6 and HNF-3b expression transiently decreases in liver and intestine of 14-day pc mouse embryos. In situ hybridization of
sagittal sections of paraf®n-embedded 14-day pc (A±H) or 16-day pc (I±J) mouse embryo with 33P-labeled antisense HNF-6 (A±D and I±J)
and HNF-3b (E±H). Dark-®eld micrographs are shown in the right panels. Reduced HNF-6 (A and B) or HNF-3b (E and F) expression in
the liver and intestine of 14-day pc mouse embryos. Note that HNF-3b continues to be expressed in stomach epithelium. Higher magni®ca-
tion depicts overlapping HNF-6 (C and D) and HNF-3b (G and H) expression in pancreatic epithelium. (I and J) Reactivation of HNF-6
expression in liver of 16-day pc mouse embryos. HNF-6 expression also continues in the pancreatic epithelium (I±J) and dorsal root ganglia
(data not shown). Abbreviations used are indicated in previous legends except for ganglia (g), kidney (K), intestine (In), mesencephalic
vesicle (MV), pancreatic islets (i), ribs (R), and trachea (Tr).
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Murine Hnf6 gene is located on mouse chromosome 9. DISCUSSION
Recently, two liver-enriched transcription factors, HNF-1a
and HNF-4a, were found to be mutated in pedigrees of hu- Analysis of mouse embryos containing a targeted HNF-
3b gene disruption demonstrated that HNF-3b is involvedman families suffering from a maturity-onset diabetes of
the young (MODY) (Yamagata et al., 1996a,b). Given the in the formation of node and notochord and exhibits defects
in gut endoderm invagination (Ang and Rossant, 1994;expression pattern of HNF-6 in the developing pancreas and
liver, two organs important for metabolism, we sought to Weinstein et al., 1994). The HNF-3b embryonic expression
pattern suggests that it may also participate in speci®cationdetermine the murine genetic locus of Hnf6 by interspeci®c
backcross analysis. The murine chromosomal location of of liver and pancreas from foregut endoderm (Ang et al.,
1993; Monaghan et al., 1993; Sasaki and Hogan, 1993). InHnf6 was determined by interspeci®c backcross analysis
using progeny derived from matings of (C57BL/6J 1 M. order to identify factors involved in the induction of HNF-
3b expression during liver morphogenesis, we have pre-spretus)F1 1 C57BL/6J) mice. This interspeci®c backcross
mapping panel has been typed for over 2300 loci that are viously analyzed the HNF-3b promoter region and identi-
®ed a liver-enriched transcription factor HNF-6 (Pani et al.,well distributed among all mouse autosomes and the X
chromosome (Copeland and Jenkins, 1991; Copeland and 1992b; Samadani and Costa, 1996; Samadani et al., 1995).
Because HNF-6 binding activity was found in fetal liverJenkins, unpublished results). C57BL/6J and M. spretus
DNAs were digested with several restriction enzymes and nuclear extracts, we proposed that HNF-6 may be a candi-
date transcription factor for maintaining HNF-3b expres-analyzed by Southern blot hybridization for informative re-
striction fragment length polymorphisms (RFLPs) using a sion during liver morphogenesis (Samadani and Costa,
1996). In this study we used the yeast one-hybrid system tomouse HNF-6 cDNA probe (see Materials and Methods). A
3.8-kb M. spretus-speci®c BamHI RFLP was used to follow isolate the HNF-6 cDNA which encoded a cut-homeodo-
main transcription factor that bound to and transactivatedthe segregation of the Hnf6 locus in backcross DNAs. The
mapping results indicated that Hnf6 is located in the middle the HNF-3b promoter region. We showed that HNF-6 initi-
ates expression at 9±9.5 days of gestation in the ventralregion of mouse chromosome 9 (Fig. 9).
Initial mapping data suggested that Hnf6 was located at foregut endoderm in regions that give rise to both the he-
patic and pancreatic diverticulum. Because HNF-3b expres-the winged-helix transcription factor Mf3 gene locus. To
determine how close the Hnf6 locus was to the Mf3 locus, sion in the foregut endoderm precedes that of HNF-6 by 2
days of gestation (Ang et al., 1993; Monaghan et al., 1993;which was previously reported to be linked to Myo5a (La-
bosky et al., 1996), a 1.2-kb M. spretus-speci®c SacI RFLP Sasaki and Hogan, 1993), our data are not consistent with
the function of HNF-6 in inducing HNF-3b transcriptionwas used to follow the segregation of the Mf3 locus in these
backcross DNAs. Although 124 mice were analyzed for ev- during the formation of the foregut endoderm. Our HNF-6
embryonic expression data do support the hypothesis thatery marker shown in the haplotype analysis (Fig. 9), up to
193 mice were typed for some pairs of markers. Each locus HNF-6 plays a role in maintaining HNF-3b expression dur-
ing speci®cation of the liver and pancreas. HNF-6 and HNF-was analyzed in pairwise combinations for recombination
frequencies using the additional data. The ratios of the total 3b were also transiently coexpressed in the early embryonic
intestinal and stomach epithelial cells, but they were notnumber of mice exhibiting recombinant chromosomes to
the total number of mice analyzed for each pair of loci and colocalized in other gut endoderm-derived organs or in the
developing neurotube. HNF-6 may therefore only partici-the most likely gene order are: centromere±Csk±10/186±
Rora ± 0/150 ± Mf3 ± 7/151 ± Hnf6 ± 0/193 ± Myo5a ± 2/173 ± pate in regulating HNF-3b expression during liver and pan-
creatic morphogenesis and cytodifferentiation. Recent stud-Gsta. The recombination frequencies (expressed as genetic
distances in centimorgans (cM) { the standard error or 95% ies have used gut endoderm from early mouse embryos for
in vitro hepatogenesis induction experiments with cardiaccon®dence limits) are: centromere±Csk±5.38 { 1.65±
Rora±2.0±Mf3±4.64 { 1.71±Hnf6±1.6±Myo5a±1.16 { mesoderm and demonstrated that only the ventral foregut
endoderm was competent for hepatocyte speci®cation (Gu-0.81±Gsta.
FIG. 7. HNF-6 and HNF-3b are coexpressed in hepatocytes of the liver, pancreatic acinar cells, and in epithelium of the common bile
duct in 18-day pc mouse embryos. In situ hybridization of sagittal sections of paraf®n-embedded 18-day pc mouse embryo with 33P-labeled
antisense HNF-6 (A±B and E±F), HNF-3b (C±D and G±H), or insulin (I±J) RNA probe. Dark-®eld micrographs are shown in the right
panels. (A and B) HNF-6 is expressed in the hepatocytes of the liver, the acinar cells, and in the epithelial cells of the pancreatic ducts
and common bile duct. (C and D) HNF-3b is expressed in the hepatocytes of the liver, the pancreatic acinar, and endocrine epithelium
and in the epithelial cells of common bile duct and proximal intestine. (E and F) High magni®cation of the pancreas depicts abundant
HNF-6 expression in the epithelium of the pancreatic ducts and exocrine acinar cells. (G and H) High magni®cation of the pancreas
depicts HNF-3b expression in the exocrine acinar cells and endocrine epithelial cells. (I and J) Insulin is used as a marker for the pancreatic
b cells of the islets (Dumonteil and Philippe, 1996; Slack, 1995) and shows no hybridization to the acinar cells. Abbreviations used are
indicated in previous legends except for acinar cells (a), common bile duct (CBD), islet cells (i), duodenum (Du), and pancreatic ducts (d).
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aldi et al., 1996). Given that initiation of HNF-6 expression also participate in the early activation of HNF-3b, but its
cellular expression pattern during embryonic developmentcoincides with liver morphogenesis from the foregut endo-
derm, we propose that HNF-6 constitutes one of the tran- has not yet been characterized. This model also suggests
that the transcription factors HNF-6, FTF, VBP, and C/EBPscription factors which is induced by the cardiac mesen-
chyme during hepatocyte differentiation. as well as PAR bZIP DBP, whose expression is markedly
activated in neonatal mice, contributes to the maintenanceAccumulating evidence suggests that maintenance of he-
patocyte-enriched expression of transcription factors in- of HNF-3b gene expression in adult hepatocytes (Mueller
et al., 1990; Nagy et al., 1994).volves cross-regulation by one or more unrelated liver-en-
riched transcription factors (Kuo et al., 1992; Peterson et Our expression studies show that HNF-6 transcription
initiates in the foregut endoderm at days 9±9.5 of gestational., 1997; Samadani and Costa, 1996; Samadani et al., 1995;
Zhong et al., 1994). Characterization of the HNF-3b pro- prior to the formation of the pancreatic diverticulum (Fig.
4A). Previous studies have shown that HNF-3b expressionmoter region identi®ed binding sites for HNF-6 protein and
bZIP and PAR bZip family members, which signi®cantly is observed at the onset of gut endoderm formation during
the primitive streak stage of embryogenesis (Ang et al.,contributed to HNF-3b promoter activity (Samadani and
Costa, 1996; Samadani et al., 1995). Here, we extend these 1993; Monaghan et al., 1993; Sasaki and Hogan, 1993). HNF-
6 and HNF-3b temporal expression patterns are consistentpromoter studies by demonstrating that HNF-6 protein po-
tentiates expression of a reporter gene driven by HNF-6 with their participation in regulating endocrine pancreatic
marker gene expression in the presumptive pancreatic di-binding sites from the HNF-3b promoter region and that
the embryonic expression pattern of HNF-6 is consistent verticulum (Gittes and Rutter, 1992). HNF-6 expression in
the exocrine acinar cells of both embryonic and adult pan-with maintaining HNF-3b in the developing liver primor-
dium. In support of the role of HNF-6 in regulating HNF- creas is also consistent with its putative role in regulating
and maintaining HNF-3b transcription in this cell type. We3b expression in developing hepatocytes, we observed a co-
incident reduction in liver expression levels of both tran- also propose that HNF-6 participates in HNF-3b expression
in the pancreatic ductal epithelium before day 18 of gesta-scription factors between 14 and 15 days of gestation (Fig.
6; Monaghan et al., 1993). Furthermore, a third liver and tion, when the expression patterns of these two factors
starts to diverge. Pancreatic endocrine cells differentiatepancreas-restricted orphan receptor family member feto-
protein transcription factor (FTF; Galarneau et al., 1996) from primitive ductal epithelium as they migrate into the
surrounding mesenchyme (Rosenberg, 1995; Slack, 1995),recognizes a sequence that is identical to the HNF-3b pro-
moter binding site (UF2-H3b; Pani et al., 1992b). This cross- thus both HNF-6 and HNF-3b could participate in cytodif-
ferentiation of endocrine cells as well. At day 18 of gesta-regulatory mechanism to maintain hepatocyte-restricted
expression of transcription factors is further substantiated tion, expression of HNF-3b but not HNF-6 is extinguished
in the ductal epithelium and only HNF-3b becomes re-by unpublished studies demonstrating that HNF-6 potenti-
ates the expression of the HNF-4 gene (F. P. Lemaigre and stricted to the differentiated endocrine cells. These data
imply that HNF-6 regulates embryonic expression of HNF-G. G. Rousseau, personal communication).
We propose that maintenance of the HNF-3b promoter 3b in the presumptive endocrine cells of the pancreatic
ducts but no longer participates in HNF-3b transcription inexpression in embryonic hepatocytes (Fig. 10) is due to col-
laboration between HNF-6 and C/EBPb, which is expressed the differentiated endocrine cells of the islets of Langerhans.
Possible mechanisms involve the use of different HNF-3bearly in hepatocyte speci®cation (Bossard et al., 1997) and
subsequently C/EBPa whose expression initiates at 13 days promoters following differentiation of islet cells or replace-
ment of the acinar and hepatocyte HNF-6 isoform with aof gestation (Kuo et al., 1990). Once HNF-3b is expressed,
an autoregulatory site functions to further activate its own cut-homeodomain family member which is induced in ter-
minally differentiated endocrine cells.expression and it is cross-regulated by the HNF-3a protein
(Pani et al., 1992b; Peterson et al., 1997). Experiments using Use of a transgenic mouse model to ablate islet cells of
the adult pancreas has indicated that the pancreatic ductaltransgenic mice to ectopically express HNF-3b demon-
strated that such expression is suf®cient to stimulate tran- epithelium is capable of regenerating islet cells (Gu and
Sarvetnick, 1993). Our studies suggest that HNF-6 expres-scription of the endogenous HNF-3b gene in the developing
hindbrain (Sasaki and Hogan, 1994). The FTF protein may sion remains localized to the ductal epithelium which con-
FIG. 8. HNF-6 and HNF-3b are coexpressed in pancreatic exocrine acinar cells but not in the endocrine cells. In situ hybridization of
paraf®n-embedded adult mouse pancreas with 33P-labeled antisense HNF-6 (A±B), HNF-3b (C±D), insulin (E±F), or TTR (I±J) RNA probe.
Dark-®eld micrographs are shown in the right panels. (A and B) HNF-6 is expressed in the pancreatic acinar cells and ductal epithelium.
(B and C). HNF-3b is expressed in the pancreatic acinar cells and islets of Langerhans. (E and F) Insulin is used as a marker for b cells in
the islets of Langerhans (Dumonteil and Philippe, 1996; Slack, 1995). (G and H) TTR is used as a marker for pancreatic a cells in the
islets of Langerhans (Jacobsson et al., 1989). Abbreviations used are as described in the legend to Fig. 7.
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colocalization of HNF-6 and HNF-3b in the differentiating
ductal epithelium and extinguished HNF-6 expression fol-
lowing terminal differentiation toward the endocrine cell
lineage.
The transcription factor STF-1/Pdx-1, a homeobox tran-
scription factor that is necessary for the formation of the
pancreas (Of®eld et al., 1996), is also expressed in the pan-
creatic endocrine and exocrine progenitor cells of the devel-
oping pancreas (Guz et al., 1995).In support of HNF-3b's
role in pancreatic speci®cation, recent analysis of the pdx-
1 promoter has implicated HNF-3b in regulating pancreatic
expression of the pdx-1 gene in the developing pancreas (Wu
et al., 1997). The fact that HNF-6 regulates the expression
of the HNF-3b gene and that it is expressed in the pancreatic
diverticulum further indicates an important role for HNF-
6 in pancreatic bud formation. Cross-regulation between
pdx-1 and HNF-3b may play a role in regulating their pro-
moters in the developing pancreatic epithelium as well as
in the islets of Langerhans. Likewise, it is possible that
FIG. 9. Hnf6 and Mf3 map in the distal region of mouse chromo-
some 9. Hnf6 and Mf3 were mapped to mouse chromosome 9 by
interspeci®c backcross analysis. The segregation patterns of Hnf6
and Mf3 and ¯anking genes in 124 backcross animals are shown
at the top of the ®gure. For some individual pairs of loci, more
than 124 animals were typed (see text). Each column represents the
chromosome identi®ed in the backcross progeny that was inherited FIG. 10. Model for regulation of HNF-3b expression by cell-re-
from the (C57BL/6J1M. spretus)F1 parent. The shaded boxes repre- stricted transcription factors in liver and pancreas. Schematically
sent the presence of a C57BL/6J allele while the white boxes repre- shown is the regulation of HNF-3b in which arrows indicate posi-
sent the presence of a M. spretus allele. The number of offspring tive stimulation and curved arrows indicate autoregulation. We
inheriting each type of chromosome is listed at the bottom of each propose that maintenance of the HNF-3b promoter expression in
column. A partial chromosome 9 linkage map showing the loca- embryonic and adult hepatocytes is due to collaboration between
tions of Hnf6 and Mf3 in relation to linked genes is shown at the cut-homeodomain HNF-6 protein (Samadani and Costa, 1996;
the bottom of the ®gure. Recombination distances between loci in and this study), bZIP (C/EBPa and C/EBPb), and PAR bZip (VBP)
centimorgans (cM) are shown to the left of the chromosome and family members (Samadani et al., 1995), and the orphan receptor
the positions of loci in human chromosomes, where known, are family member fetoprotein transcription factor (FTF; Galarneau et
shown to the right. References for human map positions can be al., 1996), which recognizes a critical HNF-3b promoter binding
obtained from GDB (Genome Data Base), a computerized database site (UF2-H3b; Pani et al., 1992b). Activation of the HNF-3b pro-
of human linkage information maintained by the William H. Welch moter also involves autoregulation (Pani et al., 1992b) and cross-
Medical Library of Johns Hopkins University (Baltimore, MD). regulation by the HNF-3a protein (Peterson et al., 1997). We pro-
pose that HNF-6 regulates pancreatic expression of HNF-3b in the
embryonic and adult exocrine acinar cells. We also propose that
HNF-6 contributes to HNF-3b expression in the primitive ductal
epithelium (presumptive endocrine cells) of the developing pan-stitutes the presumptive islet stem cell population, whereas
creas (Rosenberg, 1995; Slack, 1995), but they are no longer colocal-HNF-3b is extinguished from this cell type and becomes
ized in the islet cells of the endocrine pancreas by day 18 of gesta-
restricted to the differentiated endocrine cells of the islets tion. Furthermore, HNF-3b regulates the transcription of the pdx-
of Langerhans. It is interesting to speculate that HNF-3b 1 gene (Wu et al., 1997), a homeobox transcription factor that is
expression may be induced in the proliferating ductal epi- necessary for the formation of the pancreas (Ahlgren et al., 1996;
thelial cells following islet cell injury. As in the ductal epi- Of®eld et al., 1996). We also propose the possibility that HNF-6
regulates pdx-1 expression (indicated by ?).thelium of the embryonic pancreas, we predict a transient
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